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ABSTRACT
A series of solid hydrogen and deuterium pellet fueling experiments have been
conducted on Alcator C. The pellets are injected into the discharge at velocities
approaching 1000 m/sec and penetrate deep into the plasma column. Highly peaked
density profiles are achieved and the global energy confinement time of pellet fueled
discharges is found to exceed that for similar discharges fueled by gas puffing. A
review of the general pellet injection results is given.
Immediately following the pellet event, strong m = 1. n = 1 oscillations of the
soft x-ray signals are sometimes observed. Careful measurements of the electron
temperature during this period indicate that the x-ray fluctuations cannot be ac-
counted for by temperature variations. This implies that the densities must vary.
Experimental data and computer modeling support this conclusion, finding that
the fluctuation of the electron/ proton density accompanied by the fluctuation of a
light impurity can account for the data.
It is found that the oscillation frequency decreases with increasing pellet mass,
suggesting a sound-like disturbance. In addition, measurements of the magnetic field
variation at the plasma edge show no fluctuations correlated with the m = 1, n = 1
oscillations and indicate that the density perturbation may be electrostatic. The
density perturbation is found to propagate in a region that is neither collisional nor
collisionless. In the collisional approximation, the dispersion relation for very low
frequency waves is derived from fluid theory and a regime of propagation is found
that is consistent with the data. The question of the plasma collisionality and the
validity of fluid theory is discussed and suggestions for future work are given. In
addition, collisionless Landau damping is considered but is found to disagree with
the experimental measurements.
Thesis Supervisor: Dr. Ronald R. Parker
Titles: Professor of Electrical Engineering
Associate Director, MIT Plasma Fusion Center
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I
Nature, and Nature's law lay hid by night:
God said, Let Newton be! and all was light.
Alexander Pope
It did not last: the Devil howling "Ho!
Let Einstein be!'" restored the status quo.
Sir John Squire
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Introduction
Background
The use of controlled thermonuclear reactions as a source of power is an at-
tractive solution to the world's energy problems. A thermonuclear reaction is the
process of fusing two light atomic nuclei together to form a heavier nucleus. This
reaction requires that the two atomic nuclei come together with enough energy
so that the strong attractive nuclear force, which is very short ranged, overcomes
the repulsive coulombic force. If this is achieved, the two nuclei will fuse and an
enormous amount of energy will be released.
Basically, in order to produce a significant amount of power, the gas of atomic
nuclei, termed a plasma, must be heated above 100 million degrees Kelvin and the
product of the density and the confinement time. nr, must exceed 6 x 1013 sec 'cm 3 . 1
These both are extremely difficult requirements and to date have not been achieved
simultaneously.
The tokamak is a magnetic confinement device that has emerged as a successful
approach for creating plasmas to study how this temperature and nr product might
best be achieved. The tokamak plasma is created by the electrical breakdown of
a neutral gas that initially fills the discharge chamber. As particles are lost to the
walls, the plasma density decays and to maintain the discharge, new fuel must be
introduced.
Present tokamak devices are adequately fueled by cold gas that is puffed in
at the discharge boundary and by particle recycling from the walls. In the high
density and temperature regimes characteristic of reactor plasmas, neutral particles
from gas puffing and from charge exchange reactions can penetrate only a small
fraction of the minor radius. It is not clear if the transport processes that now
10
carry particles up the density gradient into the discharge center will be adequate
to fuel these large reactor devices. In addition, gas puffing is a strong source of
particles localized at the discharge boundary and, if a magnetic divertor is used as
a means of impurity and ash removal. the addition of fuel at the plasma edge will be
very inefficient. Results from DITE2 have found it difficult to obtain high densities
by gas puffing.
The injection of high speed solid fuel pellets is an attractive solution to these
problems. The pellets can carry particles across the confining magnetic field, de-
positing them deep into the plasma core. This would avoid the divertor scrape-off
region and circumvent some of the edge transport questions. This idea was first
proposed by Spitzer. et al.3 back in 1954. At the time, they were considering just
these problems associated with the figure eight stellarator reactor concept. For the
pellet fueling method to be successful, the general consensus is that the pellets must
penetrate a significant fraction of the distance to the plasma axis before being evap-
orated. The interaction of a frozen pellet with a hot plasma is not fully understood
but it is generally agreed that both large sizes and high speeds will be needed4 .
The first hydrogen pellet injection experiment into a tokamak produced plasma
was done by Foster, et al. 5 on the ORMAK device. During these experiments, small
pellets containing less than 1% of the total plasma-particle content were injected
at speeds of 100 m/s. Because of their slow speeds and small size, the pellets
only penetrated 6 cm into the 25 cm plasma. This experiment demonstrated the
feasibility of injecting solid hydrogen pellets into a tokamak plasma without any
abnormal plasma quenching.
In a later experiment, pellets containing 30 times more mass were injected
into the ISX-A tokamak 6 at velocities exceeding 300 mis. This resulted in >30%
perturbations of the background density and penetration depths of r / a -0.5. This
study concluded that pellet fueling of a tokamak was a viable alternative to gas
puffing and that the addition of large amounts of cold fuel, Zan, / n, ~ 30%. did
not adversely affect the plasma stability or confinement.
Since this time, successful experiments have been conducted on ISX-B 7 , PDX3.
11
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ASDEX 9 , Alcator C", and, most recently. on Doublet III".
Outline
The Alcator C tokamak is capable of attaining very high densities and temper-
atures because of its high toroidal magnetic field and large plasma current. These
temperatures and densities are characteristic of reactor parameters and have allowed
us to study pellet fueling in this regime.
A summary of the Alcator C pellet injection experiments is given in the first
part of this thesis. The results summarized are the work of many people in the
Alcator group and will be discussed briefly as an introduction to the pellet experi-
ments. The first part is divided into three chapters. Chapter 1 describes the pellet
injector and the injection experiment. A discussion of the pneumatic acceleration
process, the procedure for making hydrogen or deuterium pellets, and the experi-
mental test results are presented. The general pellet injection experimental results
are presented in Chapter 2. Here the measurements of density, temperature, cur-
rent. voltage, input power, and poloidal beta are described and the plasma recovery
is discussed. Energy and particle confinement measurements are also described and
the observed improvement in energy confinement is discussed. Chapter 3 reports on
the very fast time scale (0 - 1 mse) measurements of the pellet fueling event that
have been done and describes the extremely rapid thermal and particle transport
that is observed.
The response of the plasma to the large perturbations produced by the pellet is
extremely important in understanding the pellet fueling phenomenon. Immediately
following the injection of a fuel pellet, strong oscillations of the soft x-ray signals are
sometimes observed. Part II of this thesis is divided into four chapters and is devoted
to the understanding of these fluctuations. Chapter 4 discribes the experimental
work done to measure the mode structure and the properties of the pellet induced
oscillations, and discusses their correlation with the sawtooth instability. Chapter
5 reports on the experimental work and data analysis done to infer the temperature
12
and density fluctuations that accompany the x-ray oscillations. Theoretical models
are discussed in Chapter 6 and the dispersion relation for very low frequency waves
is derived from fluid theory. In addition, the question of collisionality is considered
and both the shortcomings of fluid theory and the effects of collisionless ion Landau
damping are investigated. An overall summary of this work and suggestions for
follow on studies are given in Chapter 7.
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Part I
Chapter 1 : Pellet Injector
1.1 Introduction
As a collaboration with Oak Ridge National Laboratory, a four-barrel pneu-
matic hydrogen pellet injector was built at M.I.T. The injector design was based on
the prototype single barrel pellet injector used successfully on ISX-A' 2 . The actual
construction and initial tests were done during the spring and summer of 1982. In
this chapter, a summary of the pellet injector gun and associated hardware and a
discussion of the injector test results are presented.
1.2 Principle of Operation
The pellet injector used at M.I.T. works on the principle of pneumatic accel-
eration. The frozen hydrogen pellet is confined in a 25 cm stainless steel barrel
and is accelerated by a pressure differential applied from a compressed gas. Large
velocities are achieved as the internal energy of the compressed gas is converted to
pellet kinetic energy.
By making two simplifying assumptions. the velocity obtained by pneumatic
acceleration can be calculated. First, assume that this is an ideal problem so that
effects such as friction at the pellet-tube interface can be neglected. This assump-
tion is good since the barrel is operated at room temperature and, as a result, an
insulating cloud separates the cold pellet and the tube walls. Second, assume that
the barrel is a semi-infinite cylindrical pipe.
Consider a semi-infinite pipe divided by the pellet. At time to., take the gas
pressure on one side of the pellet to be pi and on the other side to be zero. This
forms a rarefaction wave in the gas, one of its boundaries moving to the right with
14
the pellet and the other boundary moving to the left (figure (1 -1)). Under the
above assumptions. the pressure at the base of the pellet varies as "
p(t) = pCl - - 1-) (1-1)2c(
where co is the gas sound speed and -y is the ratio of specific heats.
P PCP=
Figure (1-1) Schematic of pneumatic acceleration.
Assuming the pressure is constant across the base of the pellet, the equation
of motion can be written as
d A h -- 1)v(t)
-- (I) = O 1p i - (1-2)dt - m 2c,,
Equation (1-2) can be integrated to obtain
2coi ( + 1) Apot.--V(t) = --- - 11 -+}(1-3)
-Y - 12mco,
From equation (1-3). it can be seen that for an expansion where t - oc , the
maximum velocity is
Vmax- 2c (1-4)
-3 - 1
where, under ideal conditions. the sound velocity of a gas is given by
1RT
cu = 1 (1-5)
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with R the universal gas constant. T the gas temperature, m the gas mass. and a
the ratio of specific heats.
Equations (1-4) and (1-5) show that the maximum attainable speed favors
light propellant gases such as helium or hydrogen at elevated temperatures. At
300cK, the maximum attainable speeds for hydrogen, helium, and neon are shown
in Table 1.1.
Table (1.1)
Gas MW cO (m/s) Vmaz (m/s)
H2 2 7/5 1313 6565
He 4 5/3 1013 3035
f, 20 5/3 453 680
In practice these limits are never reached since as the pellet accelerates, the
base pressure decreases and eventually non-ideal effects, which have been neglected,
become important. Nevertheless. recent work by the pellet. group at ORNL have
obtained speeds of approximately 1600 m's with H2 propellant at 3000 K by op-
timizing the barrel length versus the non-ideal effects". Future plans at ORNL
include the use of heated propellant.
1.3 Injector Design Details
The essential details of the pellet injector are illustrated in figures (1-2) and
(1-3). The injector is based on the ORNL design and was constructed at M.I.T.
during the spring and summer of 1982.
The injector has four separate barrels (only one is shown in figure (1-3)) and
is capable of firing four independently timed frozen hydrogen or frozen deuterium
pellets. The gun block and the barrel block are constructed from OFHC copper and
the gun assembly is cooled by liquid helium. A disk-shaped stainless steel pellet
16
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wheel is located between the barrel block and the gun block. The wheel is 1.0 mm
thick and has two sets of four 1.4 mm in diameter holes drilled opposite each other
through the disk. within which the pellets are formed. The pellet wheel is free to
rotate between two brass washers which act as barring surfaces. As the hydrogen
freezes. the fuel pellets are formed in the set of four holes opposite the hydrogen
feed. They are then transported and aligned with the barrels as the pellet wheel
is rotated into the firing position. The barrels are constructed from sections of
seamless stainless steel tubing and are thermally insulated from the barrel housing
by thicker stainless steel sleeve to lessen the possibility of hydrogen freezing within
the gun barrels.
In addition to the gun assembly. the injector contains a second OFHC copper
block designed as a pre-chiller for the hydrogen fuel. The cooling block is cooled
by liquid nitrogen and is operated at 88*K. The hydrogen fuel is introduced to the
pellet injector from a compressed gas cylinder at a few psi and room temperature.
The cooling block acts to pre-chill the hydrogen fuel so that the gun assembly does
not, see the full heat load of the room temperature gas. As a result of this, the gun
assembly is maintained at a more even temperature.
The formation of the pellets is envisioned to occur as follows. At low pressure
inside the gun. the liquid helium flow causes the pre-cooled hydrogen gas to freeze
on contact with the walls of the gun. This produces a gas tight seal between the
pellet wheel and the brass washers. and effectively prevents hydrogen from escaping
through the gun barrels into the pellet injection line. As the pressure rises above
the triple point (- 54 Torr). the hydrogen condenses in the interior of the gun,
filling the hydrogen feed-line and the four cylindrical holes in the pellet wheel with
liquid. Further cooling produces frozen plugs in the hydrogen feed region, extending
through the pellet wheel. Rotation of the pellet wheel by 1800 cuts four cylindrical
pellets from the frozen plugs and aligns them with the gun barrels.
Each pellet is propelled by room temperature, pressurized gas admitted to the
chamber behind the pellet wheel by a fast opening magnetic valve. At working
pressures of 300 psi, a gas load of approximately 10 torr-liters results from a single
19
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valve pulse. The propellant gas is effectively prevented from reaching the Alcator
C tokamak by a differential pumping system to be described in section 1.4 .
Thermal and radiative insulation is maintained around the injector assembly
by a vacuum enclosure and by wrapping all the cold surfaces with many layers of
mylar insulation. A 100 liter-per-second Balzers turbopump is used to maintain the
vacuum enclosure pressure below 10 -3 torr.
1.4 Differential Pumping System
The propellant gas used to accelerate the pellets is prevented from reaching
the Alcator C tokamak by the differential pumping system depicted in figure (1-
4). The pellets travel through two 100 liter volumes connected by four long, thin
tubes before reaching the tokamak. The expansion chamber is maintained at a
rough vacuum of 1 mtorr and the dump chamber is maintained at a high vacuum
of 5 x 10-6 torr before the pellets are fired. The two vacuum cans are connected by
four 4mm x 44cm -guide" tubes and isolated by a gate valve. As was mentioned in
section 1.3. at working pressures of 300 psi. a gas load of approximately 10 torr-liter
results from a single valve pulse. The guide tubes have a very low conductance and
allow the isolating gate valve to be open for a few seconds before a considerable
amount of the propellant reaches the dump chamber. The pellets move linearly and
are not, affected by the guide tubes.
Gas flow tests done in the laboratory of the differential pumping system are
shown in figures (1-5) and (1-6). Both of these experiments were done to test the
design of the guide tubes and were performed without pellets. During the first test
shown in figure (1-5) , the dump chamber was evacuated to a pressure of 2 x 107 torr
and then isolated from the turbopump. The expansion chamber was evacuated to
10 mT. The gate valve between the guide tubes and the dump chamber was opened
shortly before valve number 2 was pulsed. As can be seen from the data trace, the
pressure in the dump chamber rises abruptly by 5.6 mT and then continues to rise
much more slowly to 10.3 mT. The initial abrupt rise is interpreted as a ballistic gas
.20
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pulse traveling down the guide tubes into the dump chamber. Measurements done
at Garching show a similar behavior without pellets but indicate that with pellets,
the ballistic pulse of propellant gas is confined behind the pellet and is reduced in
magnitude'". The second, slower gas rise is the conduction of the propellant gas
from the expansion chamber, through the four guide tubes, into the dump chamber.
If the conduction through the four parallel tubes is assumed to be molecular, the
conduction can be calculated to be QT = 0.068 T-l/s1 0 . From figure (1-5) , the
conductance is measured to be QT = 0.041 T-1/s.
The above experiments give some understanding of how the propellant gas flow
is affected by the guide tubes, but as can be seen from figure (1-6) , when the same
experiment is repeated with the turbopump open to the dump chamber, as it is
during normal operation, the very high pumping speed of the turbopump easily
handles the gas load entering the dump chamber.
The connection of the pellet injector to the Alcator C tokamak is more com-
plicated than indicated by figure (1-4) . and in addition consists of a 4.5 inch tube,
a large port volume and three slots extending through the toroidal magnet into the
vacuum chamber. All of these add additional limits to the gas conduction into the
plasma. During plasma discharges. using a spectrometer, helium line intensities
have been measured before and after the injection of a pellet and no discernible in-
crease is seen. From this we believe that less than 10 of the He propellant reaches
the Alcator C plasma.
1.5 Injector Operation
To start the cooling process. liquid helium is transferred from a fifty liter dewar
to the gun assembly. At the same time. liquid nitrogen is transferred to the cooling
block. In approximately forty-five minutes the injector temperature has dropped
from 300'K to approximately 10'K and the liquid helium flow rate is adjusted for
stable operation at just below 10*K. Including this cooldown period. the injector
consumes fifty liters of liquid helium in five hours.
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To produce pellets, hydrogen is introduced to the gun at 2 psi. A gas tight plug
between the pellet wheel and the brass washers is quickly formed which effectively
prevents the hydrogen gas from escaping through the gun barrels into the dump
chamber. An additional two minutes of cooling is allowed before the firing sequence
is started. To form a new group of pellets, both the hydrogen and the liquid helium
are turned off and the gun is allowed to warn up to 25 K. This allows all of the
residual hydrogen to boil and to be pumped out through the gun barrels. The
liquid helium is then turned back on and the above sequence is repeated. The
above procedure takes about five minutes but to produce the first pellets of the
day, it is necessary to repeat the cycle twice. We find that deuterium pellets are
produced more reliably when the injector is run at approximately 13*K.
The firing sequencer is initiated by a trigger pulse from the Alcator C control
room. The sequence is set up so that the beam line gate valve between the two 100
liter chambers opens two seconds before, and the pellet wheel is rotated into the
firing position one second before the plasma pulse. The pellets are independently
fired during the plasma pulse with one millisecond resolution. After the pellets are
fired, the sequencer closes the beam line gate valve, rotates the pellet wheel back
to the loading position and starts the freezing cycle described above again.
1.6 Injector Tests and Results
Both hydrogen and deuterium pellets are routinely made with the M.I.T. pellet
injector. Changing from one species to the other requires only changing the fuel
gas and cycling the injector a couple of times.
The mass of both pellet types is measured by trapping a pellet in the dump
chamber when the turbopump is isolated and measuring the associated pressure
rise. Using the geometric size of a 0.054 inch base and 0.040 inch long cylinder and
a mass density of 0.085 gm/cm for frozen hydrogenl' and 0.194 gm/cm for frozen
deuterium , the predicted number of particles per pellet is
PH = 7.5 x IV' atoms of H
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PD = 8.6 x'10' atoms of D
As can be seen in figures (1-7) and (1--8) . the measured number of particles is
NH = 5.4 x 101' atoms of H
ND = 6.2 x 101 atoms of D
The deuterium pellets are larger as expected due to their higher mass density but
both pellets are 30% smaller than predicted. This may be due to pellet evaporation
during the acceleration process.
Since the pellet penetration into the plasma is a strong function of its velocity.
three different propellant gases, having different sound speeds, have been used to
achieve a range in pellet velocities. The pellet velocity is measured by two different
time-of-flight techniques. During injector tests, the velocity is calculated from a
time-of-flight measurement between a photo-diode at the barrel muzzle and a dy-
namic microphone installed at the end of the beam line. The impact of the pellet
on the microphone creates a I kHz oscillation with a sharp leading edge. As can be
seen in figures (1-9) and (1-10) . deuterium velocities ranging from 325 m/s to 800
m/s. and hydrogen velocities ranging from 550 m/s to 881 m/s have been achieved.
During injection experiments, the velocity is calculated from a time-of-flight
measurement between the muzzle photo-diode and the beginning of the H,' emission
induced by the pellet as seen with a H, diode looking down the beam line into
the plasma. Helium propellent at 300 psi is normally used during the injection
experiments. The measured velocities of VD = 625 m/s and VH = 850 m/s are in
good agreement with those measured during the injector tests. The fact that the
deuterium pellets are slower than the hydrogen pellets is attributed to the factor of
two increase in pellet mass.
By recording the variation of the pellet position as it impacted the microphone.
the pellet dispersion from each barrel using the 95 % probability width was measured
to be < 1%. This is within the experimental access requirements for Alcator C.
A photograph of a hydrogen pellet is shown in figure (1-11) . courtesy of ORNL.
This pellet was produced by the original ORNL single shot injector and shows the
characteristic "can" shape.
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Chapter 2 : General Observations
2.1 Introduction
The pellet injection experiments conducted on Alcator C have been extremely
successful. As an introduction to these experiments, the general observations and
a discussion of the results will be presented in this chapter. This work has been a
group effort and I would like to thank all the members of the Alcator team for the
use of their experimental and analyzed results.
2.2 Measurements and General Observations
2.2.1 Density
A typical time history of a D2 discharge with a D2 pellet injected at 385
msec is shown in figure (2-1). As can be seen, the line average density immediately
jumps by 3 x 1014 cm- 3 , approximately doubling the background density. We
have experienced no plasma recovery troubles when this size pellet is injected into
background densities as low as 1 x10 1 4 cm- 3 . At a I x101 4 cm- 3 background, the
pellet quadruples the density. After the pellet injection, the density decays slowly
back to its original value. Recent work suggests that the decay time increases with
increasing background density and increasing plasma current. A slower decay is
observed for deuterium pellets than is observed for hydrogen pellets.
Density profiles are determined by Abel inversion of chord data from a 5 channel
far-infrared laser interferometer and from Thomson scattering measurements. The
density profiles just prior and just after pellet injection are shown in figure (2-
2). In this case, the pellet was- injected at 315 msec into the discharge. The FIR
interferometer data indicates that the density profile is much more peaked after the
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pellet injection and remains so during the decay period. Before the injection. we
routinely measure the density peak to average ratios in the range of 1.2 to 1.4, while
after injection, the ratios increase to approximately 2.0. The density profile retains
this peaked character for 50 to 150 msec as the peak density decays. Thomson
scattering profiles taken during similar discharges are shown in figure (2-3) and are
in agreement with the FIR interferometer.
By injection of multiple pellets, spaced closely in time, we have been able to
achieve record line average densities over 1 x 1015 cm -3 with record peak densities
in excess of 2 x1015 cm- 3 .
2.2.2 Temperature
In unison with the density rise, the electron temperature, shown in figure (2-
1), and the ion temperature drop immediately as the plasma is inundated by cold
pellet atoms.
The electron temperature profile is measured by a Thomson scattering spec-
trometer. by a 2 ,d harmonic electron cyclotron emission Fabry-Perot interferometer
and by x-ray pulse height analysis. The ECE profiles are available every 2 to 3 msec
and indicate (Figure (2-4)) that the electron temperature profile retains its gaus-
sian shape and width, despite the large drop in magnitude. The data indicates that
the temperature recovers in 15 to 40 msec (figure (2-5)). much more quickly than
the density decays. The recovery time seems to be proportional to the background
density.
The ion temperature is measured by doppler broadening of impurity lines and,
for D2 plasmas. by neutron rates. The behavior of T is shown in figure (2-5) and
is similar to T, although the data indicates that the ion temperature exceeds its
pre-injection value by 100 to 200 eV.
By integration of the measured density and temperature profiles just before
and immediately after the pellet event, we find that there is no change in the total
kinetic energy of the plasma. This implies that the physical process of injecting the
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pellet is not adding energy to the plasma.
2.2.3 Current
The total plasma current is only slightly perturbed by the pellet injection.
as can be seen in figure (2-1). Typically, the current falls by only a few percent.
Assuming that the plasma is tied to the magnetic field lines, to estimate the current
diffusion time. consider the following set of equations
E -+-6 x B = r;J (2-1)
V x =pj (2-2)
V x E-a6 (2-3)
at
Taking Vx of equation (2-1) gives
V x -.- V x (6 x ) = V x (ri) (2-4)
And. from equations (2-2) and (2-3), this becomes
di -1I
- + - (F ' B)= -V x (rV x B) (2-5)
Assuming that the resistivity does not vary in space and using the fact that V x
V =V(V - B) --V25. we obtain
aB r .fV x (F x B) V2 (2-6)
Now, moving to the frame in which the plasma is at rest (i.e. v = 0), the diffusion
equation becomes
-t = -- 25 (2-7)
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Equation (2-7) can be solved by the separation of variables but, to get a rough
estimate. take L to be the scale length of the spatial variation of B. Then,
S B(2-8)
dt yo L 2
therefore.
tB = 6oexp(±- ) (2-9)
rm
where the characteristic time for the magnetic field to penetrate into the plasma is
given by
Tm = * L2 (2-10)
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Since the current is linearly related to the magnetic field, equation (2-10) also
gives the current diffusion time. Assuming that Spitzer resistivity remains true
during the pellet event and considering a diffusion length of 5 cm. the skin time is
rm = 20 msec
where T is taken to be 500 eV after the pellet event.
From figure (2-1) and from the topics that will be discussed in chapter 3. the
pellet event is over within one millisecond. Since this is short compared to the
current diffusion time, it is not surprising that the total current is only slightly
perturbed.
2.2.4 Voltage and Input Power
During the pellet event, the loop voltage measured at the plasma surface in-
creases by 25% to 50%. Although the total current is only slightly perturbed, the
time scale of the change is fast enough for a significant dl/dt. This can account
for the measured surface voltage but at first glance, does not seem to be consistent
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with the factor of two drop in the central temperature. The loop voltage is mea-
sured between two points on the metal liner which forms a "voltage loop" toroidally
around the machine. The voltage is given by
v(r, t) = E(r, t)dl (2-11)
And, from Ohm's law
E(r,t) = r7(r,t) j(r,t) (2-12)
If it is assumed that the current density profile does not change significantly and
that Spitzer resistivity remains valid, the electric field becomes proportional to the
resistivity and thus a fucntion of the temperature.
E(r,t) - T~5-(r,t) (2-13)
The data does not show a large change in the plasma edge temperature. and it
follows that a large change in either the surface electric field or the surface voltage
is not observed. Nevertheless, equations (2-11) and (2-13) imply that there is a
significant change of the internal voltage. By using the measured surface voltage,
plasma current and electron temperature profile, S. Wolfe has solved the magnetic
diffusion equation with the One-Two code . assuming Spitzer resistivity and finds
that the internal voltage more than doubles. As a result of the increase in internal
voltage and the nearly constant current density profile, there is a substantial increase
in the ohmic heating power. This increase, shown in figure (2-1), accounts for the
rapid temperature recovery of the reheat period. As the electron temperature rises
back to its original level, both the voltage and ohmic power fall back to their pre-
injection values.
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2.2.5 Poloidal Beta Measurements
As a result of the rapid temperature recovery and the slower density decay.
there is a net increase in the plasma energy following pellet injection. The value of
0, is shown in figure (2-1) comes from analyzing an array of B6 loops, which gives
A = /3 , -+- 1/2, and by calculating 4i/2. The calculation of 4i/2 requires knowledge
of the temperature profiles and the assumption of Spitzer resistivity. The rise in 0,
agrees well with the kinetic measurements of the temperature and density profiles.
2.3 Energy Confinement
The transient nature of the pellet event makes the analysis of the energy con-
finement complicated. The plasma energy content is evaluated by integrating the
density and temperature profiles. Because the density fall is slower than the tem-
perature reheat time, it is not surprising that an increase in the plasma energy
content is observed. This is confirmed by the ,3, measurements. After the reheat
phase, the input ohmic power returns to its pre-injection value as can be seen in
figure (2-1), but the poloidal beta remains elevated. This implies that the energy
confinement has improved in the post pellet plasmas. Confinement times are quoted
only for times 30 to 50 msec after the injection when the temperature has recovered
and a quasi-steady state has been reached. Because the confinement scales with
density. some improvement of the confinement with an increase in density would be
expected. Figure (2-6) shows the comparison of global energy confinement times
calculated for gas fueled and pellet fueled discharges. This clearly demonstrates a
region where the confinement is improved with pellet fueling. The scatter in the
pellet data comes from two areas. First, both H 2 and D 2 pellets are shown whereas
only D 2 gas puff data is used and it is found that D2 has systematically better
confinement. And second, pellet shots are included where the density perturbation
from the pellet was small compared to the background target density. These shots,
with small density rises, show confinement times similar to the gas puff discharge.
The improved energy confinement time at high density in pellet fueled dis-
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Figure 2-6 The comparison of global energy confinement times calculated
for gas fueled and pellet fueled discharges. The solid line represents the
calculated rE using electron confinement following neo-alcator scaling and
the ion conduction given by 1 times noeclassical.
44
charges has enabled the operating range of Alcator C to be extended and record
values of plasma pressure and Lawson number to be achieved. Average pressures of
1.6 atmospheres with peak pressures of 8 atmospheres have been achieved. Lawson
values, ne(0)TE of 0.6 to 0.9 x 1014 sec/cm 3 have been measured, exceeding the
thermalized breakeven criterion19 (figure (2-7)). These Lawson values were reached
with ion temperatures measured to be approximately 1500 eV. This gives neTET
products above 1017 ev-sec/cm3 . In addition, record levels of thermal nuclear neu-
trons have been measured at 1 to 2 x 1013 per second. All of the above parameters
were achieved simultaneously with 1.6 MW of ohmic input power.
The actual reason why the confinement is better in pellet fueled discharges
is not known, but three ideas are under discussion. First, the post pellet density
profiles are observed to be much more peaked than the pre-pellet density profiles.
This would lead to less steep edge gradients and might be systematically better
confined profiles. Second, gas puffing at the edge leads to low edge temperatures
and to low edge pressures and current densities. This may cause an increase in the
edge fluctuation level. Large density fluctuations have been observed in the outer
regions of gas fueled discharges2 0 and this may be detrimental to global confinement.
By fueling with pellets, the edge temperature is not perturbed and fluctuations may
be reduced. Finally, when density is deposited at the edge, it must move up the
density gradient to reach the plasma center. Classical pinch velocities from Z x B
forces are much to small to account for the observed transport and an "anomalous'
process must be invoked. There is no reason that this anomalous transport into the
center does not also lead to anomalous losses from the center. By depositing the
fuel deep into the discharge, the anomalous processes may be reduced.
2.3.1 Energy Confinement Discussion
A frequently used scaling of tokamak global energy confinement is one in which
the electron confinement time Te is given empirically by re ~ feR 2a together with
the ion confinement time based on neoclassical theory. The early results from
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Alcator C found a saturation of the global energy confinement time with increasing
density. At line average densities below 2.5 > 104 cm- 3 , rE was found to increase
linearly with h, in accordance with the above scaling but at line average densities
above 2.5 x 1014 cm 3 , only a slight improvement of rE with increasing he was
observed2 .
The power balance to the electrons can be written as
3 a 8 T O 3 n,.kT, 3 k(nj e - niTi (214n~fekTe =POH - -kT - -kfee 1 1  (2-14)2 at 2 r, 2 rei
where the first term on the right represents the ohmic power delivered to the elec-
trons, the second term is the heat conduction of the electrons, and the third term
is the energy lost from the electrons to the ions. Also, re is the electron energy
replacement time and 7ei is the electron-ion equilibration time.
For equal ion and electron densities (this assumes charge neutrality and implies
a hydrogen plasma), in steady state, equation (2-14) can be written as
POH = -nek{T - } (2-15)
Similarly, the ion power balance equation is given by
3 ankT 3 nik T 3 k(n, - niT,) (2-16)
2at 2 ri 2 Tei
where the first term on the right represents the heat conduction of the ions and
the second term is the energy gained from the electrons. Here ri is the ion energy
replacement time and re: is the electron-ion equilibration time. Notice from equation
(2-16) that there is no ohmic heating of the ions. Because of the large mi/me ratio,
the ions are heated only through collisions with the electrons.
In steady state and assuming equal electron and ion densities, equation (2-16)
becomes
-, = ( T e T O (2-17)
Ti Tel
47
Now the global power balance is just the sum of equations (2-15) and (2-17).
given by
d 3 3 3_(_k__-n__i
-- {f nekTe + -nkT} = POH - 3 (nekTe - nkT) (2-18)
at 2 2 2 TE
where TE is now taken as the global energy replacement time. In steady state, TE
can be written as
rE= 3n)k (2-19)2 POH
And using equations (2-15) and (2-17), this can be rewritten as
(Te - T)
T'E= T, Ti (2-20)
r, Ti
From equation (2-20), it can be seen that a decrease in the global energy
confinement time at fixed Te and Ti implies either a decrease in r, or a decrease
in ri or both. Careful analysis of the early Alcator C results22 indicated that the
measured differences between central electron and ion temperatures were larger than
predicted using the neoclassical ion thermal diffusivity of Hinton and Hazeltine23 .
This larger difference between T, and Ti , as can be seen from equation (2-17),
implies a larger ion loss. From these measurements it was concluded that the
dependence of global confinement on density in the . 2.5 x 1014 cm- 3 regime was
consistent with enhanced ion transport and required an ion thermal diffusivity 4x
neoclassical.
Comparison of experimental data from gas fueled discharges and pellet fueled
discharges clearly demonstrates a regime of enhanced global confinement in pellet
fueled ohmically heated discharges. The physics that underlies this improvement
is not clearly understood but there are indications that the ion temperatures are
higher in post pellet discharges (figure(2-5)). This implies that the difference (Te
- T, ) is smaller and from equation (2-17) that the ion confinement has improved.
This in turn implies a decrease in the power lost through the ion channel and leads to
an improvement in the global energy confinement. Using the One-Twol' computer
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code and measured density and temperature profiles, plasma current, Zeff and
the total neutron rate, S. Wolfe has compared pellet discharges with neo-classical
thermal diffusivity calculations. The neoclassical anomalous multiplier required to
match the calculated ion neoclassical conduction with the pellet data is shown in
figure (2-8) . As can be seen, there is a large decrease in the ion transport after
the injection. The comparison shown was done for a D 2 pellet injected into a D2
plasma. This calculation also showed no change in the electron energy conduction.
The simulation results are subject to large errors because T and Ti are very close
but the drop of the ion conductivity is believed to be outside of the estimated
error bars. The observed improvement in confinement with pellet fueling is thus
interpreted to be a result of a lower energy loss through the ion channel.
2.4 Particle Confinement
The measurement of particle confinement times is made difficult by particle
recycling at the edge. The recycling process provides a source of particle at the
boundary and causes the plasma density decay time to be longer than the true par-
ticle confinement time. A deuterium pellet fired into a hydrogen plasma was used in
an attempt to measure the particle confinement time. In order to reduce the effects
of recycling, prior to the injection, the machine was discharge cleaned in hydrogen
and the initial deuterium concentration was measured to be less than 1 percent.
From earlier measurements, the temperature profile was known to be constant after
the plasma reheated. Using the measured density profile and assuming both species
have the same profile, the deuterium concentration was calculated from the neutron
production rate (figure (2-9)). If it is assumed that a deuterium ion leaving the
plasma is replaced by a hydrogen ion, then the fall of the deuterium density will
be the particle confinement time. For this discharge, -r, = 100 msec. This is an
upper limit of the confinement time, since some of the deuterium may be recycled
as deuterium as well as hydrogen.
Information about the particle transport can be learned from the density profile
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Figure 2-8 The neoclassical anomalous multiplier required to match the
calculated ion neoclassical conduction with the pellet data
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data in figure (2-1). The density profiles are observed to peak and remain peaked
after the injection (figure (2-2)).
Consider the particle diffusion equation
0 10 On(rt)
-- n(r, t) = - -{r(D ' - n(r. t)v,)} (2-21)
at rar Or
where D is the particle diffusion coefficient and v. is an inward convection velocity.
In equilibrium
0
n(rt) = 0
so,
_D On
V- d (2-22)
n dr
Assuming a density profile of the form
2
n(r) = n.(1 - -) (2-23)
a2
Equation (2-22) becomes
, 2 -) D (2-24)
a2(] -
Both before and after the pellet. we find that the density profile is modeled
well by equation (2-23) with -y ~ 0.6 and ) - I respectively. If the diffusion
coefficient does not change, in order to maintain the peaked profiles after the pellet,
equation (2-24) implies that the inward convection must quadruple. Using diffusion
coefficients from impurity particle transport experiments 24 of 2 to 3 x 103 cm 2 /sec,
convective velocities approaching 1000 cm/s are estimated. This is far in excess of
the neoclassical value. Enhanced neutron production following the injection of a
hydrogen pellet into a deuterium plasma supports this notion of a strong inward
flow.
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2.5 Summary
The injection of pellets has allowed the operating regime of Alcator C to be
increased. and no plasma recovery difficulties after injection of pellets equivalent to
three times the total plasma particle inventory have been observed. The injection of
multiple pellets has produced peaked density profiles with peak values in excess of
2 x 1015 cm- 3 . peak plasma pressures greater than 8 atmospheres and has allowed
the Lawson criterion for thermalized breakeven to be exceeded.
The energy confinement following pellet injection appears to improve, and is
interpreted to be due to a decrease in the energy lost through the ion channel.
Recent results suggest that the particle confinement is related to both the plasma
current and the background density.
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Chapter 3 : Transient Effects of Pellet Fueling
3.1 Introduction
The response of the plasma to the large perturbations produced by the pellet
is important in understanding the pellet fueling phenomenon. Measurements and
analysis of the plasma density and temperature during the first millisecond following
the pellet fueling event are discribed in this chapter. A knowledge of the response
during this period is crucial to the analysis of the measurements discussed in part
II of this thesis. The work presented in this chapter is the effort of myself, M.
Greenwald. S. McCool, C. Gomez, and S. Wolfe.
3.2 Observations and Measurements
During the pellet injection experiments done on Alcator C, hydrogen pellets
survive for 100 to 150 usec. Using externally measured velocities, this corresponds
to penetrations of 8.5 cm to 13 cm into the 16.5 cm plasma. Deuterium pellets
survive for a longer time, but due to their slower speeds. their penetration into the
plasma is almost identical to the hydrogen pellets. In all single pellet experiments,
the pellets evaporate before they reach the magnetic axis and usually before the
q = 1 surface. The particles released from the pellet are very quickly ionized by the
hot plasma and as a result, should be tied to magnetic flux surfaces.
The density and temperature profiles predicted by adding the particles released
from the pellet to the background density profile and then conserving energy on
each flux surface 2 5 are shown in figures (3-1) and (3-2). One would expect both of
these profiles to relax back to their equilibrium shapes on the particle and energy
confinement time scales. For both, this would be on the order of 20 to 50 msec.
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Figure 3-1 Predicted electron density profiles before and after the injec-
tion of a pellet. The density profile after the pellet is calculated by adding
the ablation profile predicted by the neutral gas shielding model uniformly
to the background density profile.
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Figure 3-2 Predicted electron temperature profiles before and after the
injection of a pellet. The temperature profile after the pellet is calculated
by conserving energy on each flux surface.
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The experimental data indicates quite a different result. Thomson scattering
density data taken during the first few milliseconds after the pellet is shown in figure
(3-3). The density profile is measured to be initially hollow, as predicted ,but fills
in and peaks in approximately 600 psec. The five chord FIR laser interferometer
data shown in figure (3-4) indicates a similar behavior.
The electron temperature profile is measured to react even more quickly. The
Thomson scattering data in figure (3-5) indicates that even though the pellet pen-
etrates well short of the magnetic axis. the central temperature reaches its new
equilibrium in less than 250 ptsec.
The second harmonic electron cyclotron emission measurements confirm this
result. Using the fixed mesh ECE diagnostic, two radial points can be monitored
with a 1 MHz time resolution. This diagnostic has been used to study the fast
temperature relaxation phenomenon. Electron temperature profiles reconstructed
during this period (figure (3-6)) indicate that the profile adjusts nearly continuously
to a gaussian shape.
3.3 Discussion
The fast profile relaxation that is observed is not fully understood. As is
indicated by the Thomson scattering profiles. the temperature profile readjusts on
a faster time scale than does the density profile. This implies that the transport
process must be conductive rather than convective in nature. One would expect
that tearing modes would be driven unstable by the strong inward flows associated
with the inverted density profiles.2 ' If several of these modes were to overlap, the
field line structure could be broken. On open field lines. electrons could quickly
carry energy out of the plasma core. This would cause a pressure inversion which
would in turn drive particles into the center. As the density inversion was removed
the instability would disappear.
As an estimate of how strong the magnetic field perturbation would need to be
to account for the 100 vsec time scale we observe for the temperature relaxation,
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Figure 3-3 Electron density measurements from the Thomson scattering
diagnostic. The data is collected for many similar discharges.
58
1 1 -7
-x 
-2 cm
o 4 cm
- -6 cm
- 0 0
- 0.ex
- I -
-
0.2 0.6 1.0
0,
w
U1
L-
I
~II
Ef*q*-;loll
EWO/ 1;*0
I.
0
Figure 3-4 Density profiles from Abel inversion of the FIR laser interfer-
ometer data.
59
U
%0
2.0
1.5
T* (keV)
1.0
0.5
A'
Electron Temp. Prof il e
After Pellet Injection
X -2 cm
x x o 4 cm
0 0 -6 cm
0
x
0 0 0 x
0xx x 0
0. 0.x
- ' I ' I
0.2 0.6 I.0
Time (msec)
Figure 3-5 Electron temperature measured with the Thomson scattering
diagnostic. The data is collected from many similar discharges.
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Figure 3-6 Electron temperature profiles reconstructed from the ECE
measurements taken during the pellet event. The Fabry-Perot interferom-
eter was fixed at two spacial points during each discharge. One point was
tuned to the center as a reference while the other was scanned on a shot
to shot basis.
61
consider the following argument. Assume that the transport is dominated by motion
parallel to B, i.e. X! > y _. The perpendicular transport will be neglected and the
perpendicular heat flux will be assumed to occur when the field lines are displaced
slightly from the flux surface.
Figure (3-7) Perturbed Magnetic Field
The heat flux is given by Q = -nNVT. From. figure (3-7), the perpendicular
heat flux can be expressed as
Q- =Q sinO
S nx(T -b)sine
-n VTsin 2o
And for small angles, sin# - , so
Q_ - -n XiVT0 2
(3-1)
(3-2)
If the perpendicular transport is.assumed to be only diffusive and the ohmic heating
power is neglected on this time scale. the power balance equation can be written as
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3 d3dnkT= -V.Q
2 dt (3-3)
= nxIV 2 T92
Linearizing this equation gives
3nkT 2 T (34)
2r (3-4)O~j
or
02 = 3d 2  (3-5)
From figure (3-7), the field fluctuation is given by
6B tanO -- 0
B
so
6B 3d 2  (3-6)
B 2r
Thus to estimate 6B 'B, take
7 - 100 psec
d - 6cm
=3.2 kT " ~ 3 x 1013 cm 2 /sec
so
- 6 B
- ~ 10-' (3-7)
B
This is a surprisingly small number and even though the above calculation is very
rough, it should be approximately correct. This implies that a very small field
perturbation, smaller than can be measured. is required to account for the very fast
thermal transport we observe. It is., however, not clear that a large enough area
of the plasma would be mixed by the very narrow unstable region of the density
profile to agree with the measured results.
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An additional effect that could cause the break-up of the flux surfaces is the
fine scale inhomogeneities in the temperature, resistivity and pressure as a result of
the very localized cold plasma source produced by the pellet.
Despite the very rapid transport implied by these measurements, by integrating
the density and temperature profiles just before and immediately following the
injection, we find no measurable energy or particle lost from the plasma.
3.4 Summary
In summary, both the electron temperature profile and the electron density
profile are observed to relax on an enormously fast time scale. In these studies.
the pellets do not penetrate to the magnetic axis and it was expected that the
temperature and density profiles would relax on the transport time scale of 20 to
50 msec. The experimental data indicates that the temperature profile relaxes in
-200 psec. retaining its gaussian shape. simply dropping in magnitude. The density
profile is measured to initially be hollow, as expected, and to equilibrate in -600
psec. The data indicates that the density profile is more peaked after the pellet.
Since the temperature readjustment proceeds the density relaxation. the transport
process must be conductive. Estimates of the magnetic field perturbation required
for parallel transport radially into the plasma center are very small but it is unclear
if a large enough region of the plasma would be affected by the field perturbation
to account for the measured results. During this time no energy or particle lost
from the plasma and no clear magnetic field perturbation at the plasma edge are
observed.
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Part II
Chapter 4 : Pellet Induced Oscillations
4.1 Introduction
The response of the plasma to the pellet event is essential to the understanding
of the fueling phenomenon. Immediately following the injection of a fuel pellet.
strong oscillations of the soft x-ray signals are sometimes observed. Part II of this
thesis is divided into four chapters and is devoted to the study of these fluctuations.
These fluctuations take place on a slightly slower time scale than the temperature
profile relaxation but on a similar time scale to that of the density profile read-
justment. It will be shown that the oscillations observed are the result of density
fluctuations induced by the pellet event.
4.2 Mode Characterization
4.2.1 Poloidal Mode Determination
The strong oscillations following the pellet injection shown in figure (4-1) were
first observed on Alcator C using the high resolution soft x-ray spectrometer built
as a collaboration between A.S.&E. and M.I.T.". The experiment viewed the
plasma both horizontally and vertically through a pin hole camera with a beryllium
filter having a low energy cutoff of either I keV or 3 keV. The superimposition
of the +5 cm and -5 cm horizontal chords seen in figure (4-2) clearly shows the
signals to be 1800 out of phase. With only a side view, it was not clear if the
phase difference of the signals was the result of an up-down motion of the plasma
or a plasma rotation. With the addition of the vertically viewing chords, shown
in figure (4-3), the data indicates a bulk rotation of the mode. Assuming the
perturbation is of the form exp(im9). analysis of the signal phase information shows
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Figure 4-1 Soft x-ray signals during the injection of a pellet.
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horizontal chord data. The array views the plasma in the poloidal plane.
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Figure 4-3 Phase delay of the horizontally and the vertically viewing soft
x-ray chords in the poloidal plane.
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that m = 1. In addition, both the bulk poloidal rotation direction and velocity can
be determined from this data. The mode rotates in the electron diamagnetic drift
direction (assuming a peaked profile) and. a rotation velocity of 1.4 x 105 cm/s
can be calculated. Although the density and temperature scale lengths are unclear
during this period, this is within an order of magnitude of the diamagnetic drift
velocity.
Later experimental evidence was obtained with the help of R. Granetz and F.
Camacho using a 16-channel soft x-ray array. 2 The fourier components of the soft
x-ray oscillations are shown in figure (4-4). The data indicates a broad m = 1
component peaked at approximately 5 cm and essentially no m = 2,3,4, and 5
components. (The m = 4 and m = 5 components are not shown in figure (4-
4).) Using the technique described by Cormac2 9 and assuming rigid rotation, the
reconstruction of the emissivity profile is shown in figure (4-5). The shifted center
and flattened area is characteristic of the emissivity reconstructions we have done.
From the contour plot, the existence of a magnetic island structure is not obvious.
4.2.2 Toroidal Mode Determination
The toroidal structure of this mode was investigated by placing three soft x-
ray arrays at different toroidal locations. This experiment again was done with
the help of R. Granetz and F. Camacho. Each of the three arrays viewed the
plasma vertically at toroidal angles of 00 (top of F port). 60'(top of E port) and,
180'(bottom of C port). The data is shown in figure (4-6) and clearly shows the
signals at the toroidal angles of 0' and 180' to be 180' out of phase. Assuming
the perturbation is of the form exp(ino) , analysis of the signal phase information
shows that n = 1. The data also indicates that the mode rotates in the direction of
BOe.
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Figure 4-4 Fourier components of the pellet induced oscillations.
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71
. j . . I . . . ... A L 1 LI
-q. 0. 4. 8. 12. 16.
-16. A..L.....
-16. -12. -8.
,I , . , , , , , , , , , I , I , , , I , I , V , ,
"S
E-Top
+5.98 Cm
C-Bottom
+6.22 cm
268 269
Time(ms)
Figure 4-6 Soft x-ray chord data at three different toroidal locations
during the pellet injection.
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4.2.3 Variation of the Amplitude with Time
The pellet induced oscillations are observed to decay in time. An attempt to
measure an initial growth rate was unsuccessful. Data acquision constraints set
the lower limit of this measurement at 500 kHz. A semi-log plot of the oscillation
amplitude as a function of time is shown in figure(4-7a). The data suggests a single
decay rate, indicating that a single mode is present. This conclusion is supported
by the data presented in figure(4-7b). As shown, as the mode decays, the radial
profile changes only in amplitude, not in position. This again suggests that a single
mode is present.
4.2.4 Magnetic Field Measurements
An attempt to measure the magnetic field fluctuations during the pellet induced
oscillations was done by placing a pick up coil inside the vacuum chamber at the
wall edge. During the oscillations, no coherent magnetic field fluctuatons were
detected at the plasma edge. The pellet oscillations were measured to peak at 5
to 7 cm with a width of - 4 cm. Assuming the edge plasma does not shield any
field fluctuations occuring near the center from an edge detector. the measurement
suggests the perturbation is electrostatic.
The scaling of the oscillation frequency with toroidal magnetic field is shown
in figure (4-8). Little, if any, field dependence is observed.
4.2.5 Variation of the Oscillation Frequency with Pellet Mass
The data presented describes a strong mode propagating with a phase velocity
near the ion sound speed. The sound speed is proportional to 1 ,Vin, where m is the
ion mass. A comparison of the oscillation frequency for deuterium and for hydrogen
pellets is shown in figure(4-9). Some dependence on the pellet mass is apparent.
The frequency is consistently higher with hydrogen pellets, but the ratio is larger
than the prediction of v'2. This data suggests that the observed perturbations may
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4.3 Correlation of the Pellet m = 1 Oscillations and the Sawteeth
The m = 1.n = I behavior that is observed suggests that the pellet may
be interacting with the m = 1 island structure of the sawtooth. Our experimental
data indicates that this is not the case. The sawtooth instability has been studied in
great detail here as well as elsewheres 1 2 and is observed during normal Alcator C
operations. Specifically, work done by the TFR team 33 indicates that the magnetic
reconnection during the sawtooth instability is not complete and that a residual m =
I island survives after the sawtooth crash. The spatial structure of the sawtooth
m = 1 precursor oscillations is observed to be strongest just inside the q = I
surface. For the discharge shown in figure(4-10), the q = 1 surface has a location
of approximately 3.5 cm. On this shot, the pellet penetrates to approximately 6
cm from the magnetic axis and does not reach the q = I surface. As indicated
in figure(4-10). the m = 1 oscillations peak at r - 5 cm, well outside the q = 1
surface. This has been characteristic of all the shots analyzed with the oscillation
peak varying from 5 to 7 cm.
A comparison of the location of the normalized peak of the pellet m = 1 oscilla-
t ions to the value of the safety factor at the limiter, ft, is presented in figure(4-11).
Each data point represents a different shot exhibiting strong m = 1 oscillations
following the pellet. All of the pellets penetrated to r - 6 cm (outside of the q = I
surface) and caused similar density increases as seen by the FIR interferometer. The
data indicates that the m = I oscillation peak is independent of qj. As can be seen
in figure(4-11). we also observe pellet induced oscillations even at qL - 5.2. In this
case, the plasma is not sawtoothing and implies that q > 1 everywhere. In addition,
no correlation between the time of the pellet injection and the sawtooth phase is
observed (figure (4-12a). The data also indicates that the oscillation frequency of
the m = 1 sawtooth precursors just prior to the pellet injection is different from
the observed pellet m = 1 frequency (figure (4-12b)).
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4.4 Summary
In summary, strong m 1, n = I oscillations of the soft x-ray signals are
sometimes observed to follow the injection of a fuel pellet. The oscillations decay in
time with a single decay rate., implying that one mode is present. The normalized
amplitude of the mode consistently peaks outside of the location of the q = I surface
and from the data, we conclude that the pellet is not interacting with the sawtooth
structure. In addition, the data suggests that the perturbation is electrostatic and
that the propagation velocity is characteristic of an acoustic speed.
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Chapter 5 : Temperature and Density Oscillations
5.1 Soft X-ray Emission and Measurement
The oscillations that are observed following the pellet event are measured using
soft x-ray detectors. In order to determine whether these oscillations are related
to a temperature or a density perturbation, it is necessary to briefly consider the
x-ray detection system. For Alcator C plasma temperatures and plasma densities.,
radiation in the soft x-ray spectrum occurs from bremsstrahlung, recombination
and line radiation processes. The radiation which occurs when a free electron is
accelerated in the electric field of a charged particle and when the final state of
the electron is also free is called bremsstrahlung. If the free electron is captured
by the ion into a bound final state, the radiation process is termed recombination.
Line radiation occurs when a bound electron transitions to a lower energy state
in the same ion. These three processes are different and depending on the plasma
temperature, density and impurity concentration, each contributes differently to
the plasma soft x-ray emissivity. This radiation proves to be of considerable value
in diagnosing the plasma.
The total spectral power per cubic centimeter per unit frequency emitted into
47r steradians is given by3 4
gffenjZ2 H 0 -huj(V) = C 1-}en Z| "exp( Te
+ C gabneni N{ } 2 exp( (xi - hv) (5-1)
i T, XH Te
+ Line Radiation
where
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The first term is the contribution from free-free bremsstrahlung where ne is the
electron density, n1 is the ion density of effective nuclear charge Z, , T is the
electron temperature, and gff is the free-free gaunt factor. The second term is
the contribution from free-bound transitions into the lowest unfilled shell. Here Xi
is the ionization potential of the recombined ion. g is the number of places in the
n th shell which can be occupied by the captured electron and gbf is the free-bound
gaunt factor. The third term is schematically the contribution from bound-bound
transitions. Measurements of the pellet induced oscillations with the I keV and the
3 keV filtered arrays and of the soft x-ray spectrum indicate that the contribution
to the total emissivity from line radiation is negligible. Equation (5-1) can then be
written as
j(v) = CFgffneniZ .{2 }0'exp(- h)
S1-(5-2)
+ C gbfnn, {f }T, -*xp x v
n Te XiT
with the terms defined as in equation (5-1).
The signal actually measured by a soft x-ray detector is the line integral of
equation (5-2). viewed through a 0.002 inch beryllium window. The beryllium
window acts as a filter. having a ~ I keV low energy cutoff. and causes the detectors
to be sensitive to x-rays with energies above ~ I keV. The measured signal then
becomes the line int-egral of the product of the beryllium filter function and the
emissivity given by equation (5-2)
S,= J{f ji(v)F(v)dv}dl (5-3)
where F(v) represents the beryllium filter response per unit frequency.
The measured soft x-ray signals are a strong function of both the electron
temperature and the ion densities. The analysis of the soft x-ray measurements is
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complicated if both of the terms in equation (5-2) contribute equally. Using the
beryllium filter response calculated by R. Petrasso for the x-ray diagnostic3' and
by using equation (5-2), the integral over dv in equation (5-3) can be calculated.
Figure (5-1) shows the calculation as a function of temperature for silicon +13.
These curves are characteristic of the filtered bremsstrahlung and recombination
emission from the plasma, and it can be seen that the bremsstrahlung term has a
stronger temperature dependence than does the recombination term. The density
dependence is not so clear.
5.2 Temperature Variations
The sawtooth disruption is an event that is easily visible with the soft x-ray
diagnostic. The density fluctuation during the internal disruption is generally ex-
tremely small due to the very flat electron density profile near the center of a
tokamak discharge. As a result, the m = I precursor oscillations and the saw-
tooth crash, as measured with the soft x-ray diagnostic, are attributed mainly to
perturbation of the electron temperature. This is confirmed by independent elec-
tron temperature measurements 3G.3 7 and, this event has been extensively studied
by many groups. 32 ,36
If a similar process is considered to account for the pellet ?n = I oscillations.
that is. if the measured pellet oscillations are due entirely to temperature fluctua-
tions. a rough estimate of the necessary temperature fluctuation can be made. As
was mentioned in section 5.1. the bremsstrahlung contribution to the total emissiv-
ity has a stronger temperature dependence than does the recombination term. As
an estimate of the temperature variations, assume that the soft x-ray emission pro-
cess is predominantly bremsstrahlung. This will give a lower bound on the required
temperature variations. The measured signal is then given by
Sxr ={f C gffn enh4{ y - 5 e' p(-y )F(v)dv}dl (5-4)
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Figure 5-1 Filtered continuum emission from Si-13. A 2 mil beryllium
filter is used and the Gaunt factors are calculated according to Karaza and
Latter.
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After the pellet, Te ~ 500 eV. Using figure (5-1) to approximate the tempera-
ture dependence near 500 eV and assuming that the line integral is dominated by
the largest temperature value, equation (5-4) becomes approximately
Si,. - Cgff) H{ neniZ t}T5 fdl (5-5)
thus.
dSxr 3.5T|-5dTeCgff XH{ fleniZi} f dl
S±, T3 5 CgffxH(.7 neniZ1 }fdl (5-)
dTe
- 3.5-
T
From figure (5-2), a peak-to-peak x-ray fluctuation of - 32% is measured. If
this is entirely due to temperature variations, a lower bound of - 9% for the peak-to-
peak ATe /Te is estimated. Recall that this estimate was arrived at by assuming that
the x-ray emissivity is dominated by bremsstrahlung emission. This is certianly not
true but if the recombination process is included, since it has a weaker temperature
dependence. a larger variation of T, would be required to match the measured x-ray
fluctuations. Thus, the estimate of LT, T, - 9 is the lowest bound consistent
with the data.
With this estimate and the help of C. Gomez. careful measurements of the
temperature profile using the ECE diagnostic during the m = 1 pellet oscillations
were made. The experiment was done using two detectors viewing the plasma along
the same chord from the side. For a fixed toroidal magnetic field, one ECE channel
was tuned to the plasma center and held constant as a reference. The frequency
of the second view was tuned from shot to shot, producing a radial scan of the
plasma electron temperature. Surprisingly. 300 psec after the pellet event when the
temperature profile is again Gaussian. within the experimental error we measure
no Te variations during the pellet induced oscillations. Figure(5-2) show one shot
which exibited strong x-ray oscillations and essentially no Te variations. The ECE
measurement is accurate to 15 eV or - 2%Z.
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Figure 5-2 Comparison of the soft x-ray and the electron temperature
during the pellet induced oscillations. T is measured with the ECE Fabry-
Perot interferometer fixed at two spatial locations.
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In summary, if the x-ray fluctuations were entirely due to temperature vari-
ations, a lower bound of 9% was estimated for the peak-to-peak Te oscillations.
After careful ECE and soft x-ray measurements. we conclude that the electron tem-
perature varies less that 2% during the pellet m = I oscillations. Thus, within
the constraints of the assumptions made, the pellet induced oscillations cannot be
accounted for on the basis of a temperature fluctuation. This implies that the
perturbations are due to density variations.
5.3 Density Fluctuation
Having concluded from the temperature measurements that a density pertur-
bation was required to account for the x-ray oscillations, an effort was made to
investigate the denstiy dependence during the pellet induced oscillations. Two ad-
ditional diagnostics on Alcator C that are sensitive to the density on the 10 /psec
time scale were used for this study.
The first diagnostic was a spatially resolving visible light detector system con-
structed by M. Foord. E. Marmar and J. Terry". The instruments detects a 30 A
wide band at 5360 A to ensure that the contribution from line radiation is small.
With this narrow 30 A filter in the visible spectrum, the detectors are sensitive to
radiation with very low energies of hv - 2 eV. It can be shown that recombina-
tion emission at this energy must come from recombination into very high n levels.
Recall from equation (5-1) that the contribution to the total emissivity from re-
combination radiation is proportional to 1 n 3 . Thus. the recombination radiation
is negligible and the total spectral power per cubic centimeter per unit frequency
emitted into 47r steradians can be written as
j(v) = C gffnenlZt{y }exp( L (5-7)
with the parameters defined as before.
The measured visible continuum signal is the line integral of the product of
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this emission and the 30 A filter function. Taking hu < T for the visible region so
that exp(hv/Te) - I and performing the integral over dv. this gives the signal as
approximately
S J~ Te, 5  * dl (5-8)
As can be seen in figure (5-3), the measured visible continuum signal is strongly
correlated with the soft x-ray fluctuations. The measurements of the electron tem-
perature described in section 5.2 indicate that it is constant in time. Thus, the
measured visible continuum signal indicates that either ne or ni or both vary with
time.
The second instrument used to measure the density fluctuations was the FIR
laser interferometer constructed by S. Wolfe.'" This diagnostic measures the line
integral of the electron density
SFIR nedl (5-9)
Unfortunately the interferometer only has two chordal views of the plasma in
the 2 cm to 8 cm region of interest. The -6.7 cm FIR chord data is shown in figure
(5-3) and. as can be seen. it does not correlate with either the soft x-ray or the visible
continuum signals. Since the visible continuum measurement does suggest a density
fluctuation, the fact that the FIR laser does not detect one may be the result of two
facts. First, the interferometer chord is 1 cm outside of the peak location for the
soft x-ray signal and, although some x-ray oscillations is expected at this location.
the density fluctuations may be too small for the interferometer to detect. The
interferometer has a - 5% resolution. And second, since the FIR interferometer is
only sensitive to ne variations whereas the visible continuum mesurement is sensitive
to L neniZt2, both the electron and ion densities may be changing.
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Figure 5-3 Comparison of the soft x-ray. visible continuum. and FIR
interferometer signals during the pellet induced oscillations.
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5.4 Computer Simulation
In an attempt to understand the x-ray. the visible continuum and the FIR
interferometer measurements, two simple models were formulated and a computer
simulation was performed. The simulation calculated the line integral of the x-ray
brightness, line integral of the the visible continuum brightness and the line integral
of the electron density, given both the density and temperature profiles. An attempt
to match the calculated data with the measured peak data was made.
The details of the calculations are as follows. From the data presented in
Chapter 3. the temperature profile is measured to be Gaussian 200 Usec after the
pellet with a width, aj, - 10 cm. The temperature profile is assumed constant in
time and the profile is taken to be
r-
Te(r) = Toexp(- - (5-10)
af
The background density profile is measured just prior to the pellet event and
has the form
2
ne(r) =n( - ),1 (5-1)
The pellet is injected horizontally from the outside of the machine so the density
profile is perturbed only on the positive minor radius side. The density perturbation
is taken to be Gaussian and is added to the background density profile. The density
profile is given an angular dependence of !.1 - cos0(t)). and the line integrals are
calculated.
5.4.1 Model 1
For simplicity, the first model assumes that only hydrogen bremsstrahlung
contributes to the measured signals and thus only n, is varied. Given that the
total number of atoms in the pellet is known. a fraction of the pellet is assumed to
cause the density perturbation. The fraction of the pellet making up the "bump"
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is varied along with the radial position and width of the bump. The total number
of particles is conserved by adding those particles not in the bump uniformly to
the background density profile. At each step of the simulation. the following line
integrals are calculated
FIR interferometer:
(ne,, = nedl (5-12)
Visible continuum brightness:
I 42
Sc-CgffXH n' Jdl (5-13)
Soft x-ray:
S., - {f Cgffn2 2 L 0 . 5exp( h" )F(v)dv}dl (5-14)
with F(v) as given before.
The calculated line integrals of the electron density, the x-ray brightness. and
the visible continuum brightness are compared to the measured signals in figure (5-
4). The size of the density perturbation is varied to obtain a match with the visible
continuum data. As can be seen in figure (5-4), the density fluctuation required to
match the visible continuum data gives questionable agreement with the measured
interferometer signal and yields a poor match between the x-ray calculation and
the measurements. A larger calculated x-ray brightness is needed to match the
data. This implies that the assumption that only the electron density varies does
not accurately model the data.
5.4.2 Model 2
For the calculations done in the first model. it is assumed that the contribution
from recombination radiation can be neglected. Analysis of the factor by which the
soft x-ray intensity exceeds that calculated for purely hydrogen bremsstrahlung,
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termed the enhancement factor, suggests that this is not true. In particular, right
after the pellet event. when the plasma temperature is depressed by approximately
two, the enhancement factor data indicates that emission from recombination pro-
cesses are very important and dominate the bremsstrahlung term.
In model 2. the contribution from recombination radiation is included in the
simulation. This is approximated by including the effects of one dominant impurity.
Equations (5-13) and (5-14) now become
S(n2 + enZ2)S"e ~ CgiffXH f0.Teo 5  dl
and
S f{ Cg5(n 2 +fnenzZ2){ } 05 -h v
z f{[ Z.5f Tex (Xz hi)(5-16)
SCgb Tnen e Xz T2exp( )F(v)dv}dlf fn T, XH Te
where the subcripted z terms refer to the dominant impurity.
There are two independent variables, ne and nz, in the above equations and
three scenarios must be considered. First. n, could be constant in time while nE
varies. Second. n, could be constant in time while nz varies. And third. both n,
and nz could change as a function of time.
As an estimate of the electron density variation. since a low frequency wave is
observed. assume the electron motion is adiabatic. This implies
pn~ =C
p=Cn7
or
dp dn, (5-17)
P n.
with C a constant and -y defined as the ratio of specific heats. Now p =neTe. so
dp Tednt, - nedT
P neT. (5-18)
dn_ dT
ne Te
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Combinding equations (5-17) and (5-18) gives
dn, dT dne
n, T, n,
dn_ 1 dT
ne 3-I Te
Now. from section 5.2. ATe;Te is measured to be < 2%. Taking y = 5/3, this
implies -e ~ 3 3. Thus, nfe/ne is expected to be small when compared to
the x-ray fluctuations.
The addition of an impurity ion will increase the soft x-ray emission. An
estimate of the contribution to the measured x-ray signal from an impurity variation
and from an electron variation can be made. Roughly speaking, the x-ray signal is
proportional to
Sxr, nenz Z
so
ASe nle fnl Z2 + Anen, Z2
Sz, nenzZZ? (5-20)
-e nz
Comparing L"n, ne to An, n. by assuming that both the electron and ion inertia
are negligible and using the momentum equation. the density fluctuations can be
written as
_n, eo,
- (5-21)
nw T
and
Z -
- (5-22)
nz(- T
Thus, Zn. / nzo is expected to be larger than Lne / neO by a factor of Z" and is
estimated to dominate the soft x-ray signal.
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Proceeding with the computer simulation, silicon was chosen as the dominant
impurity. The first calculation is done with n, held fixed and ne a function of time.
The magnitude of n.( is taken so that Zeff = 1.2. The magnitude of Ane is varied
to match the visible continuum data. As can be seen in figure (5-5), a poor match
with both the interferometer and the x-ray data is achieved. The calculated results
depend on the impurity ion but for all cases, a similar poor match with the data is
found.
The second simulation is preformed with a fixed ne and a time dependent n,.
The background nz( is chosen so that Zef f = 1.2. The magnitude of Anzn is varied to
match the visible continuum data and the results are shown in figure (5-6). As can
be seen, the calculated line integral of n, does not exceed 5% and good agreement
between the x-ray calculations and the data is found. This particular data set is
matched best by silicon. This is not always the case. For some discharges, a smaller
x-ray variation is measured and the data is better matched with carbon as the
dominant impurity. In general, it is found that the fluctuation of a light impurity
is necessary to duplicate the measured results.
The oscillation frequency varies with the mass of the pellet and the injection of a
pellet is measured not to add impurities to the plasma. As a result, it seems unlikely
that the perturbation of 'clean" plasma produced by the pellet event leads to a fluc-
tuation of only n,. In addition, the pellet oscillations occur when different impurity
ions are measured to dominate the discharge (e.g. discharges with limiters made of
different materials). A third simulat ion was preformed with the magnitudes of both
/'\e and \n,, varying together in time. In all cases %ne n < Ln 2,inz. Inorder to
match the data, an impurity fluctuation of -100 % was necessary. The calculated
signals were very weakly dependent on the magnitude of Lne/ne. Electron varia-
tions from 1% to 10% produced essentially the same results. Above Ane/n, ~10%,
the line integral of ne shows a > 5% signal.
In summary, it is found that a density fluctuaton is consistent with the mea-
sured data. The computer calculations are strongly dependent on the magnitude of
Lnz/n_ and weakly dependent on the magnitude of Lne/ne. The pellet induced
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oscillations are only sometimes detectable and occur in discharges with different
limiter materials and thus different impurity concentrations. It is believed that the
pellet event induces an electron /proton fluctuation that is sometimes accompanied
by an impurity variation. It is only when the this fluctuation is accompanied by an
impurity that the oscillations become visible. This is not strongly dependent on the
impurity species and thus, the oscillations would be expected to occur in discharges
in which different impurities were dominant.
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Chapter 6 : Theory
6.1 Introduction
Immediately following the injection of a fuel pellet, strong m = 1, n = I
oscillations of the soft x-ray signals are sometimes observed. The data presented
and analyzed in Chapter 5 indicates that the measurements are consistent with
density fluctuations and I have speculated that the measured signals result from an
electron-proton wave that is tagged with a small amount of a dominant impurity.
This chapter is devoted to theoretical discussions of this phenomenon. For the
post-pellet plasma conditions, (y)waije< Vti < Vte and Wwave < Wci < Wce.
6.2 Calculation of k
The measured results indicate that the pellet induced mode peaks outside of
the q = 1 surface. In this case, k - B 7 0 and the magnitude and direction of k, is
important.
The geometry and directions of v1, v. I. B, and, B6 are shown in figure
(6.1).
The wave vector parallel to B can be written as
kl -_ fku
B
1
= (--koBe + k,BO)B
Now,
B =/B2+B ~ B29 + O-B
100
14);
Figure (6-1) 14 is in -4, Bo is in +4. Be is in -J. the measured v- is in
+4, and the measured vo is in +d. Notice that B twists over the top of
the machine in +4 and -J.
and
rBo,
Be = q(r)R
with q(r) defined as the safety factor. Thus,
k = (kB,--kfrB,
B, q(r)R 61
R nq(r)
The safety factor can be evaluated by assuming a Gaussian current profile.
This gives
rq (0)q (r) =21r2qO
a (1 - exp( a 2 ))
where q(O) is the value of the safety factor at the center and aj is the width of the
current profile. Thus. at the radial peak of the oscillations, taking q(0)=0.9., a=
10 cm. and r=6 cm
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Kl' S
I+
1k R (6-2)11R
The direction of k1l is parallel to B. A drawing of the geometry is shown in
figure (6-2).
A
Figure (6-2) Direction of k and B
Notice that in this case. kj varies as a function of radius and thus is not constant
across the radial profile of the m = I mode (figure 4-10). This, together with with
the fact that the direction of the magnetic field in a tokamak varies with radius
(magnetic shear), makes the problem difficult to handle.
6.3 Ion Acoustic Wave
The observed oscillations exibit four characteristics that suggest an ion acoustic
wave. First, a very strong, very low frequency wave is observed. Second, the wave
phase velocity decreases with increasing pellet mass, suggesting a sound velocity.
Third, no magnetic field fluctuatuions during the pellet induced oscillations were
detected, indicating that the perturbation may be electrostatic. And fourth, the
oscillation frequency shows no dependence on B.
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A pure ion acoustic wave propagates parallel to B with the following dispersion
relation
w - k11v,
with the acoustic speed v, given by v, = /(T' + yT) /m,.
In the local plasma approximation, assume k, is given by equation (6-2). For
a one dimensional system (considering only motion parallel to the field), taking the
electrons to be isothermal and the ions to be adiabatic.
v, ~ 4.5 x 107 cm/s
k, - 1/704 cm~1
Thus
w ~ 6.4 , 104 S- 1
Comparing this to the measured frequency of Wmode - 3 x 10 4 s-'. it can be
seen that eventhough the ion acoustic wave has the correct scaling with m, and B.
the predicted frequency is larger that the measured frequency.
6.4 Drift Wave
The measured results of low frequency propagation perpendicular to the mag-
netic field with a rotation velocity comparable to the diamagnetic drift velocity
brings to mind the electron drift wave. The electron drift wave is a low frequency
ion perturbation perpendicular to the magnetic field. In the limit where the perpen-
dicular ion motion is much greater that the ion parallel motion, the pure electron
drift wave dispersion relation is
, . = kv Te 1 an, (6-3)
eB no ax
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Assuming a local approximation at r - 6 cm and estimating the density gra-
dient scale length to be - 2.5 cm
VO - 2.0 x 10 5 cm s
ky ~ 1/6 cm-
then
w - 3.3 x 104 s 1
This is close to the measured frequency of Wmod, ~ 3.1 x 104 s-1. but, nev-
ertheless, there are three major problems with this theory. First, the data shows
a dependence on mi which equation (6-3) does not. Second, the experiment finds
no dependence on B as predicted in equation (6-3). And third, equation (6-3)
shows a dependence on the density gradient scale length. From the data discussed
in Chapter 3, it is known that the density profile and thus the density gradient scale
length changes during the observed oscillations. Equation (6-3) predicts that the
frequency should change as the density profile changes. This is not observed.
6.5 Ion Acoustic - Drift Wave
The measured data has characteristics of a sound wave and propagates both
parallel and perpendicular to the magnetic field. A possible theoritical explaina-
tion has come from extending work done by Krall and Trivelpiece 4 1 which allows
propagation both parallel and perpendicular to the field and contains contributions
from both the ion acoustic and the drift waves.
This derivation has been fairly successful in predicting the observed results
but it is certianly not the final answer. First. I assume that fluid theory is valid.
As will be discussed in section 6.6. this is not strictly correct. Second, a localized
plasma approximation is assumed and both the variation of k, and the shear of
the magnetic field are neglected. Third, the static electric field is taken to be zero
so all f x 6 effects are neglected and finally, no contributions from the impurities
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are considered. Following work done by Krall and Trivelpiece, and allowing an ion
temperature and thus an ion pressure, consider a slab model with the plasma in a
homogenous magnetic field BS = B,-- and E5 = 0. Suppose that the plasma density
and plasma pressure vary in the x direction so that n( = no(x) and po = po(x).
The geometry is shown in figure(6-3).
Figure (6-3) Coordinate system
Consider a two fluid system with ni, = neO and perturbations of the form
k =j- ,z
(6-4)
Sn= n(z) - ni exp(i(ky + kz - t))
1= exp(i(ky -r kz - at )
The equilibrium .momentum equation for both species is given by
F x B
0 = noqj 
- Vp:,j
or
IO C 7Pj B (6-5)
niq, B 2
Thus, the zeroth order fluid drift velocity is given by
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=', C 'poj (6-6)
ncqj B
If the equilibrium is perturbed, the perturbations evolve according to the fluid
equations
86 TxB
ni MI) ( + F - VV), = nj q) (i + Vc ~
4tanj
+ V -ny v = 0 (6-7)
V 47r Egjnj
When the phase velocity along the magnetic field is low, e.g. -<k1l 74 irnm
the waves do not perturb the magnetic field, and E = -VO. For our case, with
< vie, the electrons thermalize along the field lines and follow a linearized
Boltzmann distribution of
qq:
n.= ncexp(-y-)
no(1 - -)
T
then
eo
n:, - nl- (6-8)
T,
Note that the electron charge is taken as -e so that e > 0 and from now on q and
e will be used synonymously.
For the ions, since - < vj,. the equations (6-6) must be solved for the ion
density perturbation. Assuming perturbations of the form (6-3), the continuity
equation can be linearized to give
-iwni, + V - (nofJi7) + - (nFiTo) = 0 (6-9)
now
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V (ni,*i,) = n, I(V - iYj) -'io - VniI
= ikation 8so
then equation (6--8) becomes
inI (w - kyVio) = V - (noiF,1) (6-10)
and, defining WD = w - kvi,. equation (6-9) can be written
inIWD = V - (noii) (6-11)
Using the momentum equation, i1 can be found. Linearizing the momentum
equation to first order gives
a +1
at-+ (iT1 -V)'F70 + WC, - V)1 1 - x B -
mic
1 VpiI
nil mi
Dividing equation (6-11) into parallel and perpendicular parts, it is found that
-
q k - -
WDM, ?WDmfifn,p
and to order 1/B
S B2 S-Vp
qB 2 f -
Thus. evaluating V - (ncitI) gives
V -(no.F )= V { k) _- (
WVDM, ZWDmi
ECno 32- 
- (B x ( VI
ni
) I-)}
(6-13)
By assuming that Vpc is perpendicular to B and neglecting terms of V x (low
3) equation (6-12) can be written as
V (nc.6,1) = ik2 pi
WDmi
= km 2 ,LwD Mi
dno ky 
. IB -- ikBnlivic
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(6-12)
Therefore, the first order ion density becomes
nil =
WWfDm,
Snoqkl4o+ z
WW DMi
or, expanding pia as
nil
Pi = piYi --
nfi
= iTina
gives
nllqk 
_ ck,, dni
ni- wM w dz
t=ss dwith v, = yTi/mi as the ion sound speed.
Solving Poisson's equation by using ne1 from equation (6-7) and nl from
equation (6-13) yields
tik 2  4ircqk dn, .,2
k2 = r 
__ d e -
- - , 2
t! re
Rewriting this gives
2
P 2 VC
k 4ircqk, dnf 2
-{wir) wB d =T 0e
I -C upf
(6-16)
Now, k 2 A2 = k < 1. Thus, the second term in equation (6-15) can be
neglected and, solving for w, the dispersion relation can be written as
(6-15)
ky(Ve. - Vio)
2
{k (  l f)2 + C2 k 2)0.5
Y 2Az
I
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ckwo dnch
w B dx
(6-14)
where
(6-17)
= c dpio
qBn1 dx
= Bn-f T" d~x
2 (T + I, Ti)CA M1
with CA the ion acoustic speed, Vio an ion drift velocity containing the ion pressure
gradient and V,. a drift velocity containing contributions from both the ion density
gradient and the electron temperature.
The solutions of equation (6-17) for Vic = 2.5 x 10 5 cm/sec (BT = lOT and
a pressure gradient scale length of - 2 cm) and different choices of V.. are shown
in figure (6-4). The positive ordinate corresponds to propagation in -r4 (see figure
(6-1)). The rotation velocity is measured to be positive therefore, the solutions of
equation (6-17) corresponding to the measured wave must lie in the positive half
plane. The condition of Vio > 0 implies that Vp > 0. The measurements of the
temperature profile discussed in Chapter 3 indicate that VT < 0. Thus, Vni must
be positive, implying that V,, must be greater than zero. This eliminates traces
four and five which assume Ve. < 0. The pellet data yields w/k < CA, thus for the
case when ,V, > 0 and VT < 0. there are no solutions that correspond to the data.
The solutions of equation (6-17) for Vio = -2.5 x 105 cm/sec and different
choices of V,. are shown in figure (6-5). As before. the solutions corresponding to
the measured data must lie in the positive half plane. For this case, figure (6-5)
indicates a range of solutions with wkf kz< CA. These solutions are ion acoustic
waves that are retarded by the drift velocity contribution. The choice of Vi, < 0
implies that Vp, < 0. Figure (6-5) indicates possible solutions for both Vni > 0
and Vn, < 0. As was mentioned. the data indicates that the temperature gradient
is negative and the density gradient may be either positive or negative. This can
lead to situations where Vpi < 0 while Vn, > 0 or Vni < 0.
The choice of the magnitude of V 0 is somewhat arbitrary. For smaller V,()
corresponding to larger pressure gradient scale lengths. the solutions of equation
(6-17) are similar to those depicted in figures (6-4) and (6-5) except that the
109
Ion Acoustic - Drift Wave
Dispersion Relation for Vj 0 > 0
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Figure 6-4 Solution of the dispersion relation given by equation (6-17)
for Vj' = 2.5 x 10' cm/sec.
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Figure 6-5 Solution of the dispersion relation given by equation (6-17)
for Vic = -2.5 x 105 cm/sec.
111
spread around w = CA k, is narrower.
Thus, the ion acoustic - drift wave theory yields a range of solutions which
corresponds to the measured results and might explain the observed wave.
6.6 Critique of the Ion Acoustic - Drift Wave
The derivation of the ion acoustic - drift wave is somewhat cavalier and the
assumptions made should be considered. First, fluid theory is used in the derivation
of the dispersion relation. The fluid equations are derived by taking the moments of
the Boltzmann equation using a Maxwellian velocity distribution. For fluid theory
to stay valid, the velocity distributon must remain Maxwellian, and it is collisions
that return a perturbed distribution back to a Maxwellian. The trouble is that
the frequency of interest, w - 3.1 x 10' s- is of the same order as the ion-ion
collision frequency, vii - 6.5 x 104 s 1 (at 500eV and 7 x 10" cm~3 ). And, the
mean free path between collisions Ai ~ 1.0 x 10' cm (at 500 eV and 7 x 1014 cm- 3 )
is also the same order as the mode wavelength Amod = 4.4 x 10- cm. Thus, the
wave propagates in a regime that is neither collisional (e < vii) nor collisionless
(e - vi,). Therefore, fluid theory and the concepts of a fluid pressure and a fluid
velocity are not strictly correct. To handle this correctly. the Boltzmann equation
with the distribution functions of both the electrons and the ions must be used.
This becomes extremely complicated. Second. the derivation of equation (6-17)
has assumed two interpenetrating fluids. This neglects any interaction between the
ion fluid and the electron fluid and thus neglects resistivity. Resistivity can be a very
important effect. By including resistivity, constraints such as the ability of particles
to cross the magnetic field lines is relaxed and the dynamics of the wave can be
drastically altered. In addition. resistivity allows energy dissipation, implying that
both the kinetic and the potential energies no longer need to be conserved. This
can lead to energy lose and wave damping. Third, the derivation done in section
6.5 assumes a local plasma approximation and neglects both the variation of k;
with radius and the magnetic shear. Both may have important effects on the wave
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dynamics. Fourth, the static electric field is taken to be zero so all i x .B effects are
neglected. If E x J velocities are considered, then in the reference frame of the lab.
the wave phase velocity will be doppler shifted by the E x B velocity. And fifth,
effects on the wave dynamics from the large impurity fluctuation, which I speculate
must be present, has not been addressed.
6.7 Landau Damping
Experimentally the pellet induced wave is measured to be strongly damped. A
discussion of the damping mechanism is difficult because of the question of colli-
sionality considered in the last section. The phase velocity of the wave is found to
be slightly below the ion thermal speed. If the plasma is assumed to be completely
collisionless. the wave is expected to be heavily ion Landau damped. As an exercise,
assume this is true so that Landau damping can be investigated. Following work
done by M. Porkolab4 2' 3 . the dispersion relation can be rederived from the Vlasov
and Poisson equations. For electrostatic waves. assuming T, = Te. W < kvte, and
< k, t < ,. to first order the dispersion relation can be written as 42
k Ae 4 2 Z() - Z(g)) = 0 (6-18)kZVi 2.en a. kzv,
where ADE = Vie/wce, Wi= eB/mc. and Z(g) is the plasma dispersion function
with = (wR -- iw,)ik 2v,.
By taking k A~ << 1. equation (6- 17) can be rewritten as
2 - { -- ;- Z( ) - tcZ'( ) = 0 (6-19)
with
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kyvt, dT
4kzweiT ax
kyvi, dne
2k,winr ax
dZ(s)
Z'(g) =- -2(1 +g~)
Equation (6-19) is complex. Taking the measured results of
WR - 3.14 X 10 4  s-1
11R
1
ky ~
r
vti - 3.17 x 10 7 cm/sec at 500eV
Equation (6-19) can be solved numerically for c and r; as a function of w1 . The
computation is shown in figure (6-6). A decay rate of w, ~ 0. 2 WR has been mea-
sured. From figure (6-6). this corresponds to E ~ +0.675 and ri ~ -0.04. This in
turn implies a temperature gradient scale length of LT ~ +8.8 cm and a density
gradient scale length of L, - -300 cm. Both of these scale lengths are positive
implying that both the density and the temperature profiles are inverted. From
the data presented in Chapter 3. the density profile may be hollow but the ECE
measurements show that the temperature profile is not. It is unclear if more effects
contribute to give the observed results but in the collisionless limit, the measured
plasma profiles and wave decay do not agree with the Landau damping predictions.
6.8 Summary
In summary, the m = 1. n = 1 oscillations seem to propagate in a regime
that is neither collisional nor collisionless. In the collisional limit the dispersion
relation derived from fluid theory yields a range of ion acoustic solutions retarded
by the perpendicular drift velocity which correspond to the measured results. The
solutions require Vpi < 0 but allows Vni to be positive, negative or zero. This,
according to the data, is reasonable and might explain the observed wave. The
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Figure 6-6 Calculation of the temperature and density gradient scale
length from equation (6-19)
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shortcomings of the fluid model and the assumptions made are discussed in section
6.6.
In the collisionless limit, the question of Landau damping is addressed. In this
limit, the predicted density and temperature scale lengths required to match the
observed decay rate and the measured direction of k are found to be in contradiction
to the measured results.
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Chapter 7 : Conclusions and Recommendations for Future Work
Immediately following the injection of a fuel pellet, strong m = 1, n = 1 oscil-
lations of the soft x-ray signals are sometimes observed to occur. The oscillations
decay in time with a single decay rate, implying that one mode is present. The
normalized amplitude of the mode consistently peaks outside of the location of the
q = 1 surface and from the data, it is concluded that the pellet is not interacting
with the sawtooth structure. In addition, the data suggests that the perturbation
is electrostatic and that the propagation velocity is characteristic of an acoustic
speed.
After careful electron temperature and soft x-ray measurements, it is concluded
that the pellet induced oscillations cannot be accounted for on the basis of a tem-
perature fluctuation. This implies the density must vary. Experimental data and
computer simulations support this conclusion, finding that both electron and impu-
rity fluctuations can account for the measured signals. The computer calculations
are strongly dependent on the magnitude of An,/n, and weakly dependent on the
magnitude of one/ne. The oscillation frequency varies with the mass of the pellet
and the injection of a pellet is measured not to add impurities to the plasma. As
a result, it seems unlikely that the perturbation produced by the pellet event leads
to a fluctuation of only n,. In addition. the pellet induced oscillations are only
sometimes detectable and occur in discharges with different limiter materials and
thus different impurity concentrations. It is believed that the pellet event induces
an electron/proton fluctuation that is sometimes accompanied by an impurity vari-
ation. It is only when the this fluctuation is accompanied by an impurity that the
oscillations become visible. This is not strongly dependent on the impurity species
and thus. the oscillations would be expected to occur in discharges in which different
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impurities were dominant.
The question of collisionality is addressed and the wave is found to propagate
in a regime that is neither collisional nor collisionless. This makes the proper de-
scription of the density fluctuations extremely difficult, and implies that neither
the fluid arguments nor the collisionless ion Landau damping treatment are truely
valid. In the collisional limit, the dispersion relation for the ion acoustic - drift
wave is derived from fluid theory and yields a range of solutions with w/kg1 < CA.
These solutions require that Vpi < 0 but allow Vn to be negative, positive or
zero, and match the data reasonably well. In addition, in the limit of a collisionless
plasma, ion Landau damping is investigated. In this limit, the predicted density
and temperature scale length required to match the data are in contradiction to the
measured results. It is unclear if more effects contribute but ion Landau damping
does not explain the measured wave decay. Neither the fluid limit nor the collision-
less limit are correct and I suggest that this theoretical question be addressed in
more detail. I believe the proper approch would be from kinetic theory. keeping the
collision terms. In addition, the effects of the impurity ions on the wave dynamics
have been neglected and need to be considered.
It is speculated that the injection of a pellet drastically perturbs the equilibrium
conditions. Initially. an extremely steep outward temperature gradient and inward
density gradient is produced. The ion drift instability is driven by inhomogeneities
in the density gradient and, an inward gradient produces an ion mode in the +i
direction. After the pellet has ablated. the external driving force is absent. The
plasma then evolves in time with the ion mode produced by the initial perturbation,
rotating in both the +0 and -0 directions. It is believed that it is this density
fluctuation accompanied by an impurity variation that, has been observed with the
soft x-ray diagnostics.
As has been stated, the oscillations do not occur all the time. In this work.
I have concentrated only on measuring and explaining the observed fluctuations.
As a follow on experimental study, it would be interesting to compare pellet fueled
discharges that did and did not oscillate. There are many aspects, such as the
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temperature and density gradient scale lengths, the impurity concentration or the
pellet penetration that could be investigated. In addition, recent experimental
results suggest that the pellet trajectory may not always be just radial in direction.
It would be very interesting to compare discharges with carefully diagnosed pellet
trajectories and penetrations with the occurence of the induced oscillations.
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